The functions of the cathepsin B-like proteases in liver flukes are unknown and analysis has been hindered by a lack of protein for study, since the protein is produced in small amounts by juvenile flukes. To circumvent this, we isolated and characterized a cDNA encoding the major secreted cathepsin B from Fasciola hepatica. The predicted preproprotein is 339 amino acids in length, with the mature protease predicted to be 254 amino acids long, and shows significant similarity to parasite and mammalian cathepsin B. Only one of the two conserved histidine residues required for cathepsin B exopeptidase activity is predicted to be present. Recombinant preproprotein was produced in yeast, and it was shown that the recombinant proprotein can undergo a degree of self-processing in vitro to the mature form, which is active against gelatin and synthetic peptide substrates. The recombinant protein is antigenic in vaccinated rats, and antibodies to the protein are detected early after infection of rats and sheep with F. hepatica. The kinetics of the response to cathepsin B and cathepsin L after infection of sheep and rats confirm the temporal expression of these proteins during the life cycle of the parasite.
The functions of the cathepsin B-like proteases in liver flukes are unknown and analysis has been hindered by a lack of protein for study, since the protein is produced in small amounts by juvenile flukes. To circumvent this, we isolated and characterized a cDNA encoding the major secreted cathepsin B from Fasciola hepatica. The predicted preproprotein is 339 amino acids in length, with the mature protease predicted to be 254 amino acids long, and shows significant similarity to parasite and mammalian cathepsin B. Only one of the two conserved histidine residues required for cathepsin B exopeptidase activity is predicted to be present. Recombinant preproprotein was produced in yeast, and it was shown that the recombinant proprotein can undergo a degree of self-processing in vitro to the mature form, which is active against gelatin and synthetic peptide substrates. The recombinant protein is antigenic in vaccinated rats, and antibodies to the protein are detected early after infection of rats and sheep with F. hepatica. The kinetics of the response to cathepsin B and cathepsin L after infection of sheep and rats confirm the temporal expression of these proteins during the life cycle of the parasite.
The existence of secreted proteolytic enzymes in a wide variety of parasitic organisms implies that they are required for various mechanisms necessary for parasitism. The function of secreted proteases is primarily the digestion of host substrates, although some secreted proteases may be required for the activation of other parasite enzymes (e.g., see reference 6). Secreted proteases are prime targets for control of parasitic infections (39) . Among the main candidate antigens for protection against Fasciola spp. (Fasciola hepatica is the most studied) are the proteases secreted from this parasite (33, 44) . F. hepatica proteases of both secreted and somatic origin have been shown to have activity against a variety of natural substrates, such as gelatin (13) , hemoglobin (21) , collagen (3, 21, 41) , immunoglobulin (4, 10, 21) , globin, albumin (29) , laminin, fibronectin (3) , and CD4 on human and ovine T cells (36) . The range of host substrates digested by these proteases implies a diverse range of action by the parasite, from feeding and facilitation of migration to immune suppression and/or evasion.
Secreted proteases released from adult Fasciola organisms are predominantly cathepsin L-like, based on substrate specificity and primary sequence similarity (see references 5 and 23 for summaries). Over 20 full sequences are available in the GenBank database for Fasciola cathepsin L-like enzymes expressed in adult parasites. These proteases form a monophyletic group among animals but can be further divided into four clades that correspond to observed and predicted enzymatic activities (23) . However, there is also substantial proteolytic activity present in the newly excysted juvenile (NEJ) and immature stages of F. hepatica, and this has been demonstrated to be mainly cathepsin protease activity, as is the case for the adult fluke stage (8, 13, 21, 32, 49) . Some of this activity is due to cathepsin L-like proteases, and two cDNA clones encoding cathepsin L from NEJ have been isolated (GenBank sequences AJ279091 and AJ279093). Cathepsin B-like activity has also been demonstrated for F. hepatica. Cathepsin B gene fragments have been amplified from adult F. hepatica RNA (18) , and a protein with N-terminal sequence similarity to cathepsin B has been identified in somatic extracts of NEJ (45) . Creaney et al. (12) localized cathepsin B to the gut of NEJ. Wilson et al. (49) showed by biochemical studies that the major protease activity in the excretory-secretory (ES) material of NEJ of F. hepatica was cathepsin B, and they isolated a cDNA clone encoding mature cathepsin B from F. hepatica. For this report we have cloned, sequenced, and characterized a full-length cDNA clone corresponding to this enzyme.
The functions of cathepsin B-like proteases in liver flukes are unknown. For F. hepatica, the observation that the cathepsin B (FhCatB) protease is released by the early, migratory stage of the fluke up to 5 weeks postinfection suggests that this protease is involved in the excystment and/or migration of the juvenile fluke into host tissues (49) . Two pieces of evidence support the notion that FhCatB is important for fluke virulence. Expression of FhCatB is down-regulated in radiationattenuated juvenile flukes, suggesting that attenuation may be associated with loss of FhCatB activity (12) . It has also been demonstrated that incubation of juvenile flukes with a cathepsin B inhibitor in vitro can kill the parasites within 24 h (S. Beckham, T. Spithill, D. Piedrafita, J. McKerrow, and R. Pike, unpublished data). This lethal effect is most probably due to an inability to feed or to undergo development, as effects upon migration or immune evasion are not relevant in vitro. Therefore, FhCatB is a potential vaccine candidate and/or drug target against fasciolosis, since neutralization of its activity may reduce the ability of the juvenile fluke to establish infection and hence eliminate the disease before damage is done to the host liver by fluke migration. The present study demonstrates that FhCatB expressed as a recombinant protein in Saccharomyces cerevisiae or from a DNA vaccine can induce an immune response in rats and that FhCatB is immunogenic after infection of rats or sheep with F. hepatica. The implications of these findings for the vaccine potential of FhCatB are discussed.
MATERIALS AND METHODS
Metacercariae. F. hepatica metacercariae were purchased from Baldwin Aquatics, Monmouth, Oregon, or from Compton Paddock Laboratories, Compton, United Kingdom.
Isolation of a full-length cDNA clone. The clones constructed for this study are listed in Table 1 . mRNA was isolated from 5-week-old parasites recovered from infected sheep, and cDNA extended at the 5Ј end was prepared by rapid amplification of cDNA ends (RACE)-PCR (Clontech Laboratories, Inc.), as described by Reed et al. (37) . This procedure positions an adapter primer at the 5Ј end of each of the extended cDNAs. An aliquot of cDNA was subjected to PCR with the adapter-specific primer and a primer derived from the known sequence of the mature cathepsin B coding region (49) . The resultant PCR product was cloned into pBluescript to form pCatB-5Ј. A full-length clone was then constructed by digesting pCatB-5Ј and the clone encoding the 3Ј portion of the coding region (pTPZA4) (49) with XhoII and BamHI. The resulting fragment was isolated from pTPZA4 and inserted into pCatB-5Ј to create pBS-CatB, which encodes the entire coding region.
Tree construction and analysis. A PSI-BLAST (1) search of the National Center for Biotechnology Information nonredundant protein database using the translated sequence of F. hepatica cathepsin B identified 727 putative homologues (E Ͻ 10 Ϫ6 ). Based on a histogram of the distribution of pairwise identities (which revealed two distinct sequence classes), 110 sequences sharing Ͼ35% identity were retained. These were aligned with CLUSTALW (19) guided by the secondary structure profile of human cathepsin B (protein database accession no. 1gmy [17] ). The MOLPHY (J. Adachi and M. Hasegawa, Institute of Statistical Mathematics, Tokyo, Japan) and PHYLIP (J. Felsenstein, University of Washington, Seattle) packages were used to generate 1,000 bootstrap neighbor-joining trees, and a maximally informative reduced partition (48) was selected from those generated by use of the partition cluster method (22) ; this partition dictated the 71 sequences in the final reported majority bootstrap tree (see Fig. 2A ) constructed by use of MEGA software (26) . Branches with Ͻ80% support were collapsed and used as input into the aaml program of the PAML3.1 package (50) for maximum likelihood reconstruction of ancestral sequences (applying the empirical JTT (Jones, Taylor, Thornton) substitution matrix). Construction of homology model. A molecular model of F. hepatica cathepsin B, built by the MODELLER program (40) and based on human cathepsin B (accession no. 1gmy [17] ), was used to predict the role of the remaining His109 of the consensus occluding-loop His pair. The quality of the model was determined by use of WHATCHECK (20) ; the stereochemistry was found to be acceptable and all buried polar side chains could be accounted for. CHARMm energy minimization was conducted by use of the QUANTA package (Accelrys Inc., San Diego, Calif.), with distance constraints promoting the following alternative interactions: a salt bridge between His109 and Asp22 or a salt bridge between His109 and the C terminus of a dipeptide inhibitor (superimposed from accession no. 1csb [46] ). In general, residues were constrained to their initial positions, with the exception of all of those in the occluding loop and their close neighbors. The disulfide bond between Cys107 and Cys119 was also enforced.
Cloning and mutagenesis of FhCatB cDNA in YEpFLAG. Recombinant FhCatB expression was performed in an analogous fashion to that previously described for F. hepatica cathepsin L5 (43) . Briefly, the FhCatB pro-mature coding region was amplified by using pBS-CatB as a template for PCR with oligonucleotides 5ЈGGAAACCAAACCATAAACCGC and 5ЈCGCGGATCCT CAATGGTGATGGTGATGGTGAAGACGTCACTTCAACTGG, which also incorporated the coding sequence for a C-terminal hexahistidine tag. The product was digested with BamHI. YEpFLAG was digested with EcoRI and the overhang was rendered blunt by use of mung bean nuclease, and subsequently the plasmid was digested with BamHI. The amplified FhCatB coding region was inserted into this vector, creating pFLAG/CatB-WT.
Mutagenesis of pFLAG/CatB-WT was performed to remove potential Nlinked glycosylation sites, Asn-X-Ser/Thr, from the predicted protein prior to expression in S. cerevisiae. There are three such sites in the coding region of cathepsin B, at codons 180, 223, and 234. Examination of a molecular model of FhCatB indicated that the least disruptive substitutions to eliminate these sites were changing codon 182 from specifying Thr to specifying Ala and changing the remaining two Asn codons (223 and 234) to Gln. In vitro mutagenesis was performed with the following oligonucleotides (nucleotide substitutions are underlined): Mut1 (T182A), 5ЈGGGAAAATCGAGCTGGTTGTCAGC; and Mut2 (N223Q and N234Q), 5ЈGTTGTAAGATGATTGTCCGTAAAACTTAT CTTGCTCGTACGTTTTTTGATATCCAGTTTGG.
A PCR was performed with Mut1 and Mut2, with pFLAG/CatB-WT as the template. The resultant 188-bp product was used as a primer with 5ЈAGGGGT ACCTTTGGATAAAAGAG (this primer is complementary to the pFLAG plasmid sequence encompassing the unique KpnI site) in a second-round PCR. The final product was digested with KpnI and BamHI and inserted into pFLAG that had been digested with the same enzymes. Throughout this report, the resultant clone will be referred to as pFCatB.
Expression of FhCatB in a DNA vaccine vector. The coding region from pBS-CatB was excised by digestion with NotI and BamHI and cloned into pVR1012 (VICAL Inc.) digested with the same enzymes. The resultant clone was termed pVRCatB. Note that the entire pre-pro-mature coding region is included, and potential N-linked glycosylation sites remain encoded by this construct. Expression of FhCatB from the DNA vaccines was verified by transfecting plasmids into COS7 cells by mediation with Lipofectamine (Gibco BRL) as previously described (42) . Briefly, 2 ϫ 10 5 cells were transfected with 1 g of plasmid DNA, and the culture was continued for 72 h in RPMI medium to allow secretion of FhCatB. Medium was analyzed for the presence of FhCatB by Western blotting.
Construction of pFCatB(pro). The proregion of F. hepatica CatB was subcloned into YEpFLAG for expression in yeast as follows. Oligonucleotides 5Ј GCGGAT CCGAATTCAAACCAAACCATAAACCG and 5Ј GCGGATCCGCGGCCGCT AATGATGATGATGATGATGATCGTTTTTCGATATGTC were used in a PCR to amplify the proregion of FhCatB from the template pFCatB, simultaneously adding a C-terminal hexahistidine tag coding region. The resulting PCR product was inserted into YEpFLAG as an EcoRI and NotI fragment. The resultant clone is referred to as pFCatB(pro).
Preparation of recombinant proteins from yeast. Recombinant yeast BJ3505/ pFCatB was prepared by transformation of S. cerevisiae strain BJ3505 (mata Yeast culture supernatant containing secreted FhCatB was dialyzed against four changes of buffer A (25 mM NaH 2 PO 4 , 10 mM imidazole, 250 mM NaCl, pH 7.6), and recombinant protein was purified by incubation with Ni-nitrilotriacetic acid (NTA) (Qiagen) in batch format. After washing the resin with 10 bed volumes of buffer A, FhCatB was eluted from Ni-NTA with buffer A containing 250 mM imidazole. The purified enzyme was stored at Ϫ20°C in 50% glycerol. Preparation of the recombinant proregion of FhCatB protein expressed from pFCatB(pro) was carried out essentially as described above for pFCatB. F. hepatica CatL5 was prepared from the recombinant yeast culture supernatant as described previously (43) .
Preparation of F. hepatica ES material. Adult liver flukes recovered from the livers of infected animals were washed and briefly incubated in phosphatebuffered saline at 37°C to remove blood from their guts. They were then incubated in RPMI 1640 medium (Sigma) at 50 flukes per 100 ml at 37°C for 2 h. The supernatant was collected as the adult ES material. Juvenile ES material was collected similarly, as described elsewhere (49) .
Protein analysis and manipulations. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was carried out in Tris-glycine gels. Enzyme activity was routinely assayed at 37°C with the substrates Z-Phe-Arg-NHMec, tosyl-Gly-Pro-ArgNHMec, and Z-Arg-Arg-NHMec (Sigma) by the method described by Barrett and Kirschke (2) in buffer B containing 0.1 M sodium acetate, 1 mM EDTA, 200 mM NaCl, 10 mM dithiothreitol, and 50 g of dextran sulfate per ml (pH 4.5). The amount of protein in an enzyme preparation was estimated by the Bradford method using the Bio-Rad protein dye reagent concentrate, with bovine serum albumin as the standard. Gelatin substrate gel analysis was performed essentially as described previously (47) .
Autoactivation of FhCatB (proprotein) was performed by incubating the purified enzyme in buffer B at 37°C for up to 3 h as indicated. Pepsin digestion was carried out by incubation of the purified protein (100 g/ml) in a buffer containing 250 mM sodium acetate, pH 4.5 or 3, at 37°C for 30 min in the presence of 0.17 or 0.3 g, respectively, of pepsin per ml. Analysis of the N-terminal amino acid sequences of the digested protein was carried out by Edman degradation in an Advanced Biosystem gas-phase Sequenator or by mass spectrometry analysis of the 32-and 28-kDa products, respectively.
Immunizations, immunoassays, and infections. For vaccination of rats with FhCatB, four groups of eight Sprague-Dawley male rats (9 weeks old) were injected twice (3 weeks apart) intramuscularly in the thigh. In the vaccinated groups, each animal was given 20 g of FhCatB in phosphate-buffered saline each time, in the presence of 100 g of Quil A or Freund's adjuvant (complete adjuvant for the first injection and incomplete adjuvant for the second injection), while the control groups received adjuvant alone. A total volume of 500 l per animal was injected each time. Blood was taken from the tail vein before and 3 weeks after each injection. Sera were collected and tested for reactivity to FhCatB.
A group of four Sprague-Dawley male rats (9 weeks old) were infected by oral gavage with metacercariae (50 per animal) suspended in 0.4% carboxymethyl cellulose. Blood samples were taken from the tail every 2 to 3 weeks up to 10 weeks postinfection. A group of eight Merino wethers were infected with 250 metacercariae by the same method. Blood samples were taken from the jugular vein. Sera were tested for immunoreactivity to FhCatB by enzyme-linked immunosorbent assay (ELISA) and Western blotting.
For ELISA, microtiter plates were coated with recombinant proteins at 2 to 4 g/ml in carbonate buffer, pH 9.6. ELISA analysis on sera from individual animals was performed as previously described (42) . Titers were defined as the highest dilution yielding an optical density at 450 nm of 0.2. For Western blotting, proteins were separated by SDS-PAGE (12%) and transferred onto nitrocellulose in 3-(cyclohexylamino)-1-propanesulfonic acid (CAPS) buffer containing 10 mM CAPS (pH 11) and 15% methanol at 100 V for 1 h at 4°C. The nitrocellulose was blocked with 5% skim milk-TBS (25 mM Tris [pH 7.4], 137 mM NaCl, 2.7 mM KCl) at 42°C for 1 h. Sera from vaccinated animals and infected animals were used at 1/500 and 1/200 dilutions, respectively, in 5% skim milk-TBS and were incubated at room temperature (RT) for 2 h with mixing, followed by three washes in TBS. Secondary antibodies (rabbit anti-rat [Sigma] or donkey anti-sheep [Silenus]) conjugated to horseradish peroxidase were diluted 1/1,000 and incubated at RT for 1 h with mixing, followed by five washes in TBS. The bound antibody was visualized by the enhanced chemiluminescence (ECL; Amersham) detection method according to the manufacturer's specifications.
RESULTS
Characterization of the full-length FhCatB cDNA clone and predicted protein. The FhCatB clone created by the fusion of CatB-5Ј and pTPZa2 is 1,116 nucleotides long. Within this clone is a reading frame encoding a protein of 339 amino acids, of which 15 are predicted to comprise the signal peptide and 70 to comprise the propeptide sequence (predicted to begin at K16). The mature protein is predicted to be 254 amino acids long, beginning at L86 of the complete sequence specified by the cDNA clone (see below). The predicted peptide has significant similarity with parasite and mammalian cathepsin B, as shown in Fig. 1 . An alignment is illustrated with a second F. hepatica cathepsin L (CAD32973) and one of the three recently identified Fasciola gigantica cDNA clones encoding cathepsin B-like enzymes (AA073002). Intriguingly, another F. gigantica cathepsin B has only three amino acid differences from the F. hepatica protein reported here (AAO73003). The significance of this is not clear, although it should be noted that both of the cDNAs were isolated from NEJ mRNA. The other two F. gigantica cDNAs, which have 64 to 65% identity to FhCatB, were isolated from adult and metacercaria mRNA, respectively.
Primary sequence identity with cathepsin B from species other than liver flukes ranges from 39% with Ostertagia ostertagia to 50% with Schistosoma mansoni. Identity with the human protein is 46%. As expected, conservation occurs less in the preproregions of the predicted proteins than in the mature region. A bootstrap neighbor-joining tree data set, analyzed by use of the partition cluster method (22) , revealed that the Fasciola cathepsin B sequence presented here is more closely related to cathepsin B enzymes from nematodes and trematodes than to mammalian homologues (98% confidence). This precludes the possibility of lateral gene transfer between the parasite and its host.
A reduced joining-joining majority-rule bootstrap tree is shown in Fig. 2A . The Fasciola sequences form a clade distinct from other organisms, indicating that they share a single common ancestor with the related Schistosoma spp. Interspersion of F. hepatica and F. gigantica proteins indicates that at least one gene duplication occurred prior to the speciation that gave rise to these two organisms around 19 million years ago (23) .
The FhCatB predicted amino acid sequence shares several important features conserved throughout cathepsin B-like proteins. These are highlighted in Fig. 1 . The conserved cysteine residues and the amino acids comprising the occluding loop (required for the exopeptidase activity of cathepsin B) are present. However, of the two key His residues that are required for exopeptidase activity (110 and 111 in the human sequence [25] ), only one is present in the Fasciola proteins (amino acid 109 in the mature protein, corresponding to amino acid 110 in mature human cathepsin B). In each of the remaining species represented in Fig. 1 , the histidine doublet is present. In human cathepsin B, His110 has been shown to mediate binding via a salt bridge to Asp22, an interaction [35] ) is shown; the majority-rule bootstrap maximum parsimony tree was in agreement with it but was not as well resolved. Branches for which there was Ͻ80% support were collapsed. (B) A molecular model of F. hepatica cathepsin B, constructed as explained in the text, is presented, highlighting the constraints that are predicted to act within its occluding loop. (Left) The His109-Asp22 salt bridge (black ball-and-stick model) and the disulfide bond between Cys107 and Cys119 (gray ball-and-stick model) are shown; the active site Cys29 (white ball-and-stick model) also appears as a reference. (Right) For comparative purposes, the His111 residue of human cathepsin B (replaced by Val110 in the F. hepatica enzyme) and the dipeptidyl inhibitor with which it interacts are shown in black. In F. hepatica cathepsin B, the histidine-mediated stabilization of the substrate's carboxy terminus is predicted to be absent. Some elements of secondary structure have been stripped away and the positions of the catalytic residues are shown (white spheres). This figure was prepared with the use of MOLSCRIPT.
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interactions with the remaining histidine residue: (i) a salt bridge exists between His109 and Asp22, as seen with mammalian cathepsin B structures; or (ii) a salt bridge exists between His109 and the C terminus of a dipeptide inhibitor (transferred from accession no. 1csb [46] ), in which case His109 will have taken up the role of the lost His111 (mammalian numbering) residue. The minimization trials predicted that His109 would be able to form an interaction with Asp22 without requiring the violation of main chain stereochemistry (Fig. 2B) . In contrast, an interaction between His109 and the C terminus of the inhibitor required an unacceptable perturbation of the protein backbone between Cys107 and His110 due to the constraint imposed by the disulfide. Therefore, from the model it appears more likely that the remaining His109 residue is involved in stabilization of the occluding loop rather than promotion of exopeptidase activity.
Expression of FhCatB in yeast.
A variant form of the proFhCatB coding sequence, carrying mutations Thr97Ala (Thr182 in the full sequence), Asn138Gln (Asn223 in the full sequence), and Asn149Gln (Asn149 in the full sequence) (to remove the putative glycosylation sites [Asn-X-Ser/Thr]) and a hexahistidine tag at the C terminus, was cloned into the yeast expression vector YEpFLAG-1. The recombinant plasmid (pFCatB) was transformed into S. cerevisiae BJ3505 for protein expression. The resultant secreted protein will contain an Nterminal FLAG epitope, the pro-mature region of FhCatB, and a C-terminal hexahistidine tag. The presence of FhCatB protein in the yeast culture supernatant was monitored by use of an anti-FLAG monoclonal antibody, M2 (Sigma). Conditions for the optimal expression of protein were determined by dot blot assays using the M2 monoclonal antibody.
For purification of the recombinant protein, Ni-NTA resin was used to capture the hexahistidine-tagged protein in the culture supernatant in a batch format, with an average yield of about 2 mg/liter. The purified protein was analyzed by SDS-PAGE followed by silver staining, which revealed a single predominant species with a relative mobility of 38 kDa (Fig.  3A) ; this result is consistent with the calculated molecular mass of a secreted protein containing proFhCatB with an N-terminal FLAG epitope and a C-terminal hexahistidine tag (38.641 kDa). The identity of the 38-kDa protein was confirmed by N-terminal sequencing by Edman degradation (data not shown), showing that the N-terminal residues correspond with those of the FLAG epitope. Purified FhCatB was shown to be enzymatically active in a gelatin substrate gel (Fig. 3B) , and optimal activity was found after incubation at pH 4.5 in the presence of dextran sulfate (not shown). Further studies have shown that, like native FhCatB isolated from juvenile ES material, the purified recombinant protein is active as judged by cleavage of fluorescent synthetic substrates in the order Z-PheArg-NHMec Ͼ Tos-Gly-Pro-ArgNHMec Ͼ Z-Arg-ArgNHMec (data not shown).
That the purified proFhCatB is active suggests that the recombinant protein undergoes self-processing upon incubation at pH 4.5. To test this assumption, samples were treated under the same conditions as for the gelatin gel digestion for up to 3 h and analyzed by SDS-PAGE. As shown in Fig. 4A , small amounts of low-molecular-mass species (30 to 32 kDa) were generated after incubation, suggesting that self-processing of proFhCatB did indeed take place during incubation. Prolonged incubation of up to 3 h (lane 5) failed to increase the production of these low-molecular-mass species, while the amount of the starting proFhCatB diminished, suggesting both that the processing is not very efficient and that the processed products may not be stable.
A second approach to generate mature FhCatB from recombinant proFhCatB utilized pepsin digestion. This approach has been successfully applied to activate recombinant human proCatB and S. mansoni proCatB expressed in yeast (28, 34, 38) . When incubation was carried out at pH 4.5 with 1.7 g of pepsin per ml at 37°C for 30 min, two digested products, of 32 kDa (CatB-M1) and 28 kDa (CatB-M2), were observed (Fig.  4B, lane 1) . The N-terminal sequences of the 32-and 28-kDa products were determined and revealed that neither of these two products were processed correctly to the full-length mature FhCatB, as shown in Fig. 4C . The N-terminal sequence of the 32-kDa CatB-M1 was resolved by Edman degradation; it contains the mature sequence plus an additional 25 amino acids from the prosequence beginning at the sequence GALS (the calculated molecular mass is 32.38 kDa). The N-terminal sequence of the 28-kDa CatB-M2 was resolved by mass spectrometry following trypsin digestion, and it contains the mature sequence without the first seven amino acids (i.e., beginning with RSQW; the calculated molecular mass is 28.08 kDa). Subsequent efforts to generate complete digestion of proFhCatB into CatB-M1 and CatB-M2 with pepsin by prolonged incubations or higher concentrations of pepsin were not successful (data not shown). This suggests that the proFhCatB preparation consists of a polypeptide mixture of different conformations, such that only a proportion of the protein could be cleaved by pepsin under the conditions studied.
Immunoreactivity of proFhCatB. One of the major advantages of the availability of recombinant FhCatB is the ability to   FIG. 3 . Characterization of recombinant proCat. Recombinant proFhCatB was purified from yeast culture supernatant by immobilized metal affinity chromatography using Ni-NTA. The purified protein (arrow) was analyzed by SDS-PAGE (12%) under reducing conditions, followed by silver staining (A) and a gelatin substrate gel (12% gel under nonreducing conditions) (B). Molecular sizes are shown to the right of the gel in panel A.
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perform immunization and diagnostic analyses. Secreted cathepsin B from NEJ or immature liver flukes is available in only small quantities, making such analyses difficult. As a prelude to vaccine trials in animals, immunoreactivity experiments after recombinant FhCatB immunization were performed. We have previously shown that vaccination with juvenile ES material (which contains a high proportion of FhCatB) induces a low-level antibody response in sheep when used with Freund's adjuvant (L. Wilson and T. Spithill, unpublished observations), suggesting that FhCatB might not induce a potent humoral response. Groups of eight rats were immunized with 20 g of purified proFhCatB protein formulated in either Freund's or Quil A adjuvant. Two injections were given 3 weeks apart, and sera were taken before and 3 weeks after each injection. The level of the serum antibody response to FhCatB was tested by ELISA, and the results are shown in Fig. 5 . At week 9 (3 weeks after the second injection), the reciprocal antibody titers of the immunized animals were on the order of 10 6 and 10 5 in the Quil A and Freund's adjuvant groups, respectively. Further immunization experiments carried out with other species, including rabbits and mice, also induced high antibody titers (data not shown). Using Western blotting, we tested the reactivities of rat antisera with FhCatB from various sources (Fig.  6) . We found that rat antiserum reacts with the recombinant FhCatB used for immunization (lane 5) as well as with FhCatB in the supernatant of transfected COS7 cells (lane 2; ϳ41 kDa), whereas no signal was detected for the vector-only control (lane 1), indicating that this signal is specific to FhCatB expression. The COS7-expressed proFhCatB migrates slightly slower than the recombinant proFhCatB (lane 5), which could be a result of glycosylation of the unmodified gene product, as this clone encodes potential glycosylation sites (Table 1) . Lanes 3 and 4 contain ES material from juvenile and adult F. hepatica, respectively. A positive signal is detected from juvenile ES material but not from adult ES material, confirming our previous observation that secreted FhCatB is a juvenilespecific secreted protease (49) . In the case of juvenile ES material, a 36-kDa species and a 31-kDa species were detectable. It is probable that the 36-kDa band represents FhCatB with the proregion and the 31-kDa band represents mature FhCatB.
Kinetics of the humoral response to FhCatB in animals during liver fluke infection. To determine if antibody to FhCatB is induced in animals infected with liver flukes and, if so, the time during which the antibody to FhCatB is present, we studied the time course of humoral responses to FhCatB in infected animals. Responses to FhCatL5 were also analyzed for comparison. A group of four Sprague-Dawley rats were infected with 50 metacercariae, and sera were collected at 2-to 3-week intervals up to 10 weeks postinfection. Also studied was a group of eight Merino sheep infected with 250 metacercariae, with sera collected at 2-week intervals up to 10 weeks postinfection. The immune responses were analyzed by ELISA, with pooled sera assayed for antibodies to FhCatL5, FhCatB, and FhCatB(pro) (Fig. 7) . In infected rats, antibody to FhCatB was first detected at 5 weeks postinfection and decreased thereafter (Fig. 7A) . The highest titer detected was about 10 4 at week 5. Interestingly, a similar pattern of antibody responses specific for the FhCatB proregion was also detected, although the titer was lower (i.e., 100-fold less than that against complete pro-mature FhCatB). FhCatL antibodies, which are a hallmark of liver fluke infection in ruminants (11) , were also measured. These appeared at 5 weeks postinfection, and the levels continued to increase throughout the 10-week period, reaching a titer of Ͼ10 5 by the 10th week.
In infected sheep (Fig. 7B) , the patterns of antibody responses to the three antigens were qualitatively similar to the rat responses, but with some important differences. In contrast to the titers in rats, similar titers against FhCatB and FhCat-B(pro) were observed which peaked at about 5 weeks postinfection (titer of 3,500 against both antigens), whereas in rats the response to the proregion was poor. This indicates that the proregion is more immunogenic in sheep than in rats, relative to the mature region. The antibody titers to FhCatB dropped after the 5th week postinfection and began to rise again 8 to 10 weeks after infection. On the other hand, FhCatL antibody appeared at 2 to 4 weeks postinfection, increasing steadily throughout the 10-week period to reach a titer of about 5 ϫ 10 4 by week 10 postinfection.
Western blot analysis was used to confirm the ELISA re- sults. Recombinant FhCatL5 and FhCatB were transferred to nitrocellulose after SDS-PAGE and were probed with pooled rat and sheep sera collected at weeks 0, 2, 5, and 10 postinfection. In rats (Fig. 8A ), both FhCatB (lanes 2, 4, 6, and 8) and FhCatL5 (lanes 1, 3, 5, and 7) were recognized by antibodies in sera collected at 5 and 10 weeks postinfection whereas no specific recognition of either antigen was observed with week 2 sera. These results are in agreement with the ELISA data ( Fig.  6A ) and demonstrate that the signal detected by the ELISA method was indeed antigen specific. In contrast to the results with rats, FhCatB was detectable by the sheep sera at 2 weeks postinfection (Fig. 8B, lane 4) , suggesting that the sheep host was more responsive to the fluke FhCatB. FhCatB was also recognized by sheep antibody collected at 5 to 10 weeks postinfection (Fig. 8B) . Reactivity with FhCatL5 was observed at weeks 5 (low-level response) and 10 ( Fig. 8B, lanes 5 and 7) .
DISCUSSION
We have expressed and characterized a recombinant preprocathepsin B that corresponds to the major cathepsin B protein secreted by juvenile flukes (49). Wilson et al. identified two N-terminal sequences (LPES and VPAS) for native cathepsin B in ES material from juvenile parasites, with LPES being the more abundant sequence, suggesting that juvenile flukes secrete at least two cathepsin B isoforms. In other studies, the N terminus of a somatic NEJ cathepsin B protein as well as a secreted NEJ cathepsin B was identified as DLPES (45; R. FIG. 7 . Humoral response to FhCatB, FhCatL, and proregion of FhCatB following fluke infection in rats and sheep. Pools of rat (n ϭ 4) (A) and sheep (n ϭ 8) (B) sera collected from 0 to 10 weeks postinfection were tested for reactivity to cathepsin L, proFhCatB, and the proregion of CatB by ELISA, using plates coated with antigens at 4 g/ml. The titers were plotted against time in weeks postinfection. Note that antibody titers to different antigens are illustrated using different scales.
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Law, unpublished data), which from the sequence presented here would equate to a mature protease of 255 amino acids. The biochemistry of the maturation of cathepsin B in F. hepatica remains to be elucidated. The process of maturation of the cathepsin B family of enzymes is complex, with pH-dependent autoactivation (30) proposed to be the primary mechanism of activation of mammalian (e.g., human) CatB enzymes. It is also possible that maturation of the secreted FhCatB is facilitated by other proteases. In particular, asparaginyl endopeptidases (legumains) have been identified in the ES material of S. mansoni (6, 14) . S. mansoni legumain demonstrates absolute specificity for asparagine at P1 and can trans-process recombinant S. mansoni cathepsin B (31). In Fasciola cathepsin B, the sequence around the maturation site is ISKN2DLPES, which may be a suitable target for a putative Fasciola legumain-like enzyme that is yet to be reported. Evidence to date suggests that F. hepatica expresses a number of cathepsin B proteins, as is the case for cathepsin L-like enzymes (16, 23, 43) . In a PCR-based study using material from adult parasites, Heussler and Dobbelaere (18) isolated a series of transcripts encoding cathepsin-like proteases from F. hepatica, including two cathepsin B-like enzymes showing 33 and 60% identity with the FhCatB protein sequence described here. These partial cDNA clones were derived from RNA of adult flukes, and Northern blot analysis shows very low levels of expression of these genes. Whether functional cathepsin B-like proteins are expressed in adult flukes from the genes corresponding to these partial transcripts is not known. Recently, a second CatB cDNA sequence for juvenile F. hepatica was deposited in GenBank (CAD32937), as were three cDNAs from F. gigantica (AAO73002 to -4), isolated from adult, NEJ, and metacercariae, respectively. The possibility of redundancy of cathepsin B in Fasciola mirrors that found in many other nematodes and trematodes, including Caenorhabditis elegans (27) and Schistosoma (7) , and the functions of these various cathepsin B enzymes remain to be determined.
Cathepsin B enzymes possess a unique feature in their active sites referred to as the occluding loop. This structure partially occludes the active site of the enzyme, restricting access of extended substrates and inhibitors such as the cystatins. Cathepsin B enzymes have been shown to display dipeptidyl peptidase or exopeptidase activity, which is dependent on the maintenance of bonding patterns mediated by two His residues found at positions 110 and 111 (mammalian numbering, corresponding to positions 109 and 110 in the mature Fasciola protein) in most cathepsin B sequences. Sequence comparisons of FhCatB with other cathepsin B molecules suggest that FhCatB is probably missing the His111 residue. Figure 2 indicates that the remaining His residue forms a salt bridge to Asp22, which is vital for the maintenance of the occluding structure, rather than stabilizing the carboxyl group of the substrate. The structure of the occluding loop is likely to be intact, however, implying that access to extended substrates and inhibitors would be impaired, as found for other cathepsin B enzymes investigated to date. The presence of the vital salt bridge suggests that FhCatB may still display exopeptidase activity, although the level of this activity might be somewhat impaired in the absence of the second His residue. When viewed in the context of the gene tree ( Fig. 2A) , the consequent predicted decrease in exopeptidase activity most likely developed at some time following the divergence of liver flukes from schistosomes, but prior to the speciation that gave rise to F. hepatica and F. gigantica lineages.
The kinetics of the humoral response to the FhCatB protein after infection of both rats and sheep confirm that this secreted protease is expressed by juvenile parasites during the establishment of infection and show that the protease is antigenic within 2 to 5 weeks of infection in sheep and within 5 weeks in rats. FhCatB may therefore be useful for the diagnosis of fasciolosis during the acute stage of infection. The kinetics of the humoral response to cathepsin L5 are quite different from those to cathepsin B and reflect the continuing expression of FhCatL throughout the mammalian cycle of the parasite, as seen in other studies using cathepsin L to diagnose fasciolosis in sheep (9, 11, 15) . The significance of the second surge of FhCatB antibody in infected sheep around 8 to 10 weeks of infection is not known, but the surge may result from the expression of an adult form of cathepsin B, such as those putatively encoded by transcripts identified by Heussler and Dobbelaere (18) , which are sufficiently similar to share epitopes with the FhCatB sequence reported here. Antibodies to the proregion of FhCatB were observed by ELISA at week 5 for infected sheep, but very low titers to the proregion were observed for rats. In contrast, no reactivity with the proregion of FhCatB was observed by Western blotting with the rat or sheep infection sera (data not shown), suggesting that the antibodies observed by ELISA react with a conformational epitope(s) in the FhCatB proregion which is destroyed by SDS-PAGE.
The availability of recombinant F. hepatica cathepsin B protein has enabled us to determine that the proprotein is immunogenic in both a laboratory animal (the rat) and a definitive host (sheep) after immunization with an appropriate adjuvant. We are currently performing challenge experiments to determine if the immunogenic responses induced are protective. We have also demonstrated that the immune systems of rats and sheep can mount a response to FhCatB within 5 weeks of infection. Prophylactic vaccination with FhCatB may be an approach to successfully combat subsequent fluke infections in animals.
